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Electronic state-lifetime interference is a phenomenon specific for ionization of atoms and
molecules in the hard x-ray regime. Using resonant KL2,3L2,3 Auger decay in argon as a showcase,
we present a model that allows extracting the interference terms directly from the cross sections
of the final electronic states. The analysis provides fundamental information on the excitation and
decay processes such as probabilities of various decay paths and the values of the dipole matrix ele-
ments for transitions to the excited states. Our results shed light on the interplay between spectator,
shake-down and shake-up processes in the relaxation of deep core-hole states.
PACS numbers: 33.80.Eh, 34.50.Gb
I. INTRODUCTION
Interference is a key phenomenon in quantum physics,
more particularly so in the interaction of light with mat-
ter. From Young’s experiment [1] to quantum optics ex-
periments where only one photon is emitted [2–4], the ob-
served interference patterns demonstrated that systems
could be prepared in a coherent superposition of states.
In atomic and molecular physics, interference effects can
occur if different excited electronic and/or vibrational
states are coherently populated and decay into the same
final state.
As an example, coherent excitation of different vi-
brational states with the natural lifetime broadening of
the same order of magnitude as the vibrational spac-
ing, leads to the lifetime-vibrational interference (LVI)
phenomenon. This has been thoroughly studied in the
soft x-ray regime, where several experiments on the CO
molecule at the C 1s→ pi∗ resonance [5–9], at the C 1s→
Rydberg orbitals [10] and at the O 1s → pi∗ resonance
[11] showed evidence of the LVI effects. Later such effects
were also observed in the N2 [12] and O2 [13] molecules.
In the hard x-ray regime, the lifetime broadening of ex-
cited states can be on the order of 1 eV, that is compara-
ble to the energy spacing between the excited electronic
states. Different excited states can therefore be coher-
ently populated and can decay, either through spectator
Auger or with involvement of shake processes, into the
same final state, which induces electronic state-lifetime
interference (ELI).
Interference phenomena between discrete and contin-
uum electronic states were predicted by Fano long time
ago [14]. A˚berg developed a unified theory that takes
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into account LVI and ELI effects [15] and Cesar et al.
elaborated a theoretical description of these phenomena
in the case of radiative and non-radiative decays [16].
However, only few experimental observations of ELI can
be found in literature. Levin et al. performed coinci-
dence measurements between ions and Auger electrons
at the K-edge of the argon atom [17], Rubensson et al.
observed interference effects between the 1s−13p′ and
1s−14p′ resonances in the neon atom [18]. LeBrun et
al. measured Auger spectra after resonant excitation or
ionization at the K-edge in argon with an experimental
resolution above 1 eV and observed an asymmetric profile
in the 2p−25p+ cross section due to ELI [19]. Here and
in the following, we use the notation np′ for the excited
electronic states and np+ for the final ionized states to
avoid confusion. In all the studies cited above, a modest
experimental resolution did not allow the authors to dis-
entangle the contributions of different intermediate states
relaxing into one particular final state.
Lately, high-resolution resonant inelastic x-ray scat-
tering measurements allowed observation of ELI in the
core-excited HCl molecule [20]. However, due to strict
selection rules governing the radiative decay, the ob-
served ELI effect was rather weak. Recently, the high-
resolution hard x-ray photoemission spectroscopy (HAX-
PES) end-station installed on the GALAXIES beamline
at the French synchrotron SOLEIL, enabled us to ob-
serve strong ELI effects in resonant Auger spectra at the
K-edge in argon [21], at the L-edge in xenon [22], and
at the Cl K-edge in the HCl and CH3Cl molecules [23].
The ELI has been observed in the cross sections of the
final states reflecting the direct contributions of differ-
ent decay channels as well as the interference occurring
between those.
In [23] we introduced a model that allows extracting
the ELI terms as well as the intensity ratios of the over-
lapping final states. In the present paper, we demon-
strate the capacity of this model to provide fundamental
2information on the excitation and decay processes such as
probabilities of different decay channels and the values of
the dipole transition matrix elements for the excitation
at the K-edge in the argon atom. The article is orga-
nized as follows: the experimental set-up is described in
section II, the model formalism is detailed in section III,
we present our data analysis and results in section IV
and give our conclusions in section V.
II. EXPERIMENTAL DETAILS
The experimental set-up was thoroughly described in
[24]. Briefly, the measurements were performed using the
end-station HAXPES, based on a hemispherical electron
analyzer permanently installed on the GALAXIES beam-
line at the synchrotron SOLEIL [25]. The analyzer has
a wide angular acceptance and allows measurements of
high-energy electrons (up to 10 keV) that can be emit-
ted from atoms and molecules ionized with the photons
of the GALAXIES beamline in the 2.3-12 keV energy
range. The X-ray light from the U20 undulator is lin-
early polarized in the horizontal plane and monochrom-
atized by a Si(111) double-crystal monochromator. The
lenses of the analyzer are set parallel to the polarization
vector. Note that due to the fixed experimental geom-
etry, the cross sections discussed throughout the paper
are not the absolute cross sections (see [22, 23, 26] for
details). The total instrumental resolution of 460 meV
[21] includes the contributions of the photon bandwidth
(≈ 400 meV), the spectrometer resolution (≈ 200 meV)
and the thermal Doppler broadening (≈ 100 meV), since
the measurements were performed at room temperature.
The KL2,3L2,3 Auger spectra were recorded while chang-
ing the incident photon energy across the 1s − np′ (n ≥
4) resonances and up to 1 eV above ionization threshold.
In order to extract the cross sections of the final states
as a function of the incident photon energy, we follow
the procedure described in [21]. The peaks in the Auger
spectra corresponding to the 2p−2np+ (n ≥ 4) final states
were fitted with Voigt functions, which represent a con-
volution between a Lorentzian function describing the
electronic transition to the final state and a Gaussian
function taking into account the total instrumental reso-
lution.
III. SIMULATIONS
In our recent work [23] we have developed a model al-
lowing to qualitatively describe the effect of ELI in the
cross sections of the final states in the Auger spectra of
core-excited atoms and molecules. In general, the model
describes the interference between multiple excited elec-
tronic states as well as takes into account nuclear dynam-
ics occurring in a dissociative excited molecular state.
Here, we demonstrate that in the case of argon atom the
model allows extracting quantitative information about
the dipole transition matrix elements for the Ar 1s exci-
tation and the probabilities of different decay channels.
For clarity, here we outline the formalism of the model
in a basic case of two discrete electronic excited states.
The cross section σ(ω) of a given final state is described
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c represents the sum over all the intermedi-
ate electronic states, 〈Φc|D|Φo〉 is the dipole matrix ele-
ment that corresponds to the transition from the ground
state described by the wavefunction Φo to the interme-
diate excited state described by the wavefunction Φc,
and 〈Φf |Q|Φc〉 is the Coulombian matrix element corre-
sponding to the transition from the intermediate to the
final state described by the wavefunction Φf . Further,
ω and ω′ are, respectively, the energies of the incident
photon and of the emitted Auger electron, τc and τf
are the energy differences between the ground and the
intermediate electronic states, and between the ground
and the final electronic states, respectively, Γc is the
lifetime broadening of the intermediate state. Finally
δ(ω−ω′− τf ,Γc) is a Lorentzian function that takes into
account the energy conservation throughout the whole
absorption/decay process.
In the case of two discrete intermediate electronic
states, the cross section can be rewritten:
σ(ω) ∝
∣∣∣∣ K1ω − τ1 + iΓ1/2 + K2ω − τ2 + iΓ2/2
∣∣∣∣2 , (2)
where Kc = 〈Φf |Q|Φc〉〈Φc|D|Φo〉 (c =1 or 2). The
right side of Eqn.2 can be developed into a sum of two
Lorentzian functions and a cross term:






1K2) · ((ω − τ1)(ω − τ2) + Γ1·Γ24 )[










In the case of KLL Auger decay, the core holes cre-
ated in both the intermediate and the final states can
be considered as sufficiently deep to remain unaffected
by the presence of an excited electron in a valence shell.
This allowed Armen et al. [28] to make an approxima-
tion suggesting that the Coulombian matrix element can
be decomposed into a constant partial KLL Auger rate
amplitude and an overlap integral:
〈1s−1mp′|Q|2p−2np+〉 = 〈1s−1|Q|2p−2〉〈mp′|np+〉. (4)
Here ΓKLL =
∣∣〈1s−1|Q|2p−2〉∣∣2 is the partial Auger rate
for the KLL transition, and |〈mp′|np+〉|2 is directly re-
lated to the probability of spectator or shake processes.
3After introducing Eqn. 4 into Eqn. 3, we obtain:
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that K1,2 and k1,2 can be chosen as real parameters with-





In the following we will apply Eqn.5 for fitting the
experimental cross-sections of the final states 2p−2np+,
using k1,2, τ1,2 and Γ1,2 as fit parameters. Analysis of the
fitting results allows obtaining quantitative estimates for
the excitation dipole transition matrix elements and for
the probabilities of different decay channels. The results
of our analysis are presented in the following section.
IV. RESULTS
Figure 1 presents the results of fitting the experimen-
tal cross sections of the final states 2p−2np+ (4 ≤ n ≤ 7)
plotted as a function of the photon energy relative to the
ionization potential (IP). Here the dots are the exper-
imental points and the lines are the results of our fits.
We assumed the lifetime broadening Γ to be constant for
all core-excited states 1s−1mp′. The fitting provides the
value Γ = 0.7 eV, in agreement with [29]. The cross sec-
tions of the final states 2p−24p+, 2p−25p+, 2p−26p+ and
2p−27p+ are normalized to the dominant peak intensi-
ties: I4p = 4593.5, I5p = 1546.2, I6p = 1119.1 and I7p =
646.4, respectively. The intensity values are in arbitrary
units and are related to the statistics of our experimental
conditions, such as gas pressure, acquisition time etc.
The energies Em,l of the resonantly excited intermedi-
ate states 1s−1mp′ (4 ≤ m ≤ 9), are indicated with verti-
cal lines in Fig.1 and summarized in Table I. The energy
value of the 1s−14p′ state was determined from the fit
of the 2p−24p+ cross section, while keeping free the τc
fitting parameter describing the energy of the resonant
transition from the ground to the intermediate state (see
Eqns. 1 and 5). The determined energy of the 1s−14p′
state and the known value of the IP (3205.9 eV) allowed
calculating the quantum defect (δ = 1.72) and, therefore,
empirically determine the resonant energies of the other
1s−1mp′ states:
Em,l = IP − Ry
(m− δ)2 (6)
where Ry is the Rydberg constant.
The cross section of the 2p−24p+ final state shown in
Fig. 1, contains one broad peak with the maximum lo-
cated close to the resonant energy of the 1s− 4p transi-
tion, which reflects the dominance of the spectator Auger
decay. The absence of any significant asymmetry or shift
FIG. 1: The cross sections of the final states 2p−2np+ (4 ≤
n ≤ 7) plotted as a function of the photon energy relative
to the ionization potential. The dots are the experimental
points and the lines are the fitting results. The vertical lines
indicate the energies of the resonantly excited intermediate
states 1s−1mp′ (4 ≤ m ≤ 9).







TABLE I: The energies of the resonantly excited intermediate
states 1s−1mp′ (4 ≤ m ≤ 9), relative to the IP.
from the resonant 1s−14p′ excitation energy, indicates
the weakness of the ELI effects in this case.
A very different situation can be observed in the cross
section of the 2p−25p+ final state dominated by two in-
tense peaks. One peak is located close to the 1s−15p′
resonance and corresponds to the spectator Auger decay.
The other peak has the maximum near the energy of the
1s−4p transition and corresponds to a shake-up process,
where the excited electron, initially promoted to the 4p
orbital, ends up in the 5p orbital in the final state. One
can observe that both peaks are strongly asymmetric and
their maxima are displaced with respect to the resonant
energies, which indicates a strong manifestation of the
ELI phenomenon. The reduction of the energy difference
between the maxima of the peaks, observed in the cross
section of the 2p−25p+ final state, with respect to the dif-
ference between the resonant energies of the 1s− 4p and
1s−5p transitions, is characteristic for the manifestation
of ELI between the spectator Auger decay and the decay
channel with involvement of a shake-up process [23, 30].
Furthermore, a weak contribution near the energy of the
1s − 6p transition in the cross section of the 2p−25p+
final state, corresponds to a shake-down process, where
the excited electron, initially promoted to the 6p orbital,
4ends up in the 5p orbital in the final state.
The cross section of the 2p−26p+ final state contains
a broad, asymmetric peak located between the 1s−15p′
and 1s−16p′ resonances and a shoulder near the 1s−17p′
resonance. A detailed analysis of various decay channels
contributing to this cross section and the role of the ELI
effects are presented below (see figure 2).
Finally, in the cross section of the 2p−27p+ final
state, one can observe a dominant peak located near the
1s−17p′ resonance, corresponding to the spectator decay,
and several shoulders at lower and higher energies due to
contributions from shake-up and shake-down processes,
respectively.
The relative amplitudes of different decay chan-
nels contributing to each of the final states have
been obtained as a result of our fitting procedure us-
ing Eqn.5. The corresponding fit parameters k =
〈Φ0|D|1s−1mp′〉〈mp′|np+〉 are summarized in Table II,
where the relative amplitudes are normalized to the peak
intensity of the dominant contribution Inp (4 ≤ n ≤ 7)
as described above in relation to Figure 1. Analysis of
the results presented in Table II allows us to make two
observations.
First, one can observe that the amplitudes of the decay
channels involving shake-up processes have a sign oppo-
site to that of the spectator decay channels and the de-
cays accompanied by shake-down processes. Although
the physical interpretation requires further theoretical
analysis, we assume that this observation may be related
to the difference in the size of the orbitals occupied by the
excited electron in the intermediate and the final states.
The observed trend is directly related to the relative
displacements of the peaks in the cross sections of the
final states due to the ELI effect. The direction of the
relative displacement depends on the sign of the inter-
ference cross-term in Eqn.5, which is determined by the
product k1k2 of the relative amplitudes of the interfering
decay channels. As demonstrated in figure 1, the max-
ima of the peaks corresponding to the spectator Auger
decay and the decay channel with involvement of a shake-
up process are displaced towards each other due to the
ELI effect. In this case the product of the relative ampli-
tudes of the interfering channels and, hence, the interfer-
ence cross-term have a negative sign. One can show that
in the case of interfering spectator decay and the decay
channel involving a shake-down process, the interference
cross-term is positive and the maxima of the peaks are
shifted away from each other.
A second observation resulting from the analysis of Ta-
ble II indicates the dominance of the decay channel ac-
companied by a shake-up process in the cross-sections
of the 2p−25p+ and the 2p−26p+ final states. This effect
may be related to the contraction of the Rydberg orbitals
upon the KLL Auger decay. Namely, the Auger decay
leads to a sudden enhancement of the effective charge
seen by the electrons in the outer orbitals, causing the
orbitals contraction towards the nucleus. In this case,
an overlap between the intermediate 1s−15p′ and the fi-
Final state Fit parameter k Decay type
2p−24p+
〈Φ0|D|1s−14p′〉〈4p′|4p+〉 = 1.00 spectator
〈Φ0|D|1s−15p′〉〈5p′|4p+〉 = 0.15 ± 0.01 shake-down
〈Φ0|D|1s−16p′〉〈6p′|4p+〉 = 0.07 ± 0.03 shake-down
〈Φ0|D|1s−17p′〉〈7p′|4p+〉 = 0.04 ± 0.03 shake-down
2p−25p+
〈Φ0|D|1s−14p′〉〈4p′|5p+〉 = -1.00 shake-up
〈Φ0|D|1s−15p′〉〈5p′|5p+〉 = 0.49 ± 0.02 spectator
〈Φ0|D|1s−16p′〉〈6p′|5p+〉 = 0.22 ± 0.04 shake-down
〈Φ0|D|1s−17p′〉〈7p′|5p+〉 = 0.15 ± 0.10 shake-down
2p−26p+
〈Φ0|D|1s−14p′〉〈4p′|6p+〉 = -0.10 ± 0.03 shake-up
〈Φ0|D|1s−15p′〉〈5p′|6p+〉 = -1.00 shake-up
〈Φ0|D|1s−16p′〉〈6p′|6p+〉 = 0.57 ± 0.04 spectator
〈Φ0|D|1s−17p′〉〈7p′|6p+〉 = 0.32 ± 0.04 shake-down
2p−27p+
〈Φ0|D|1s−14p′〉〈4p′|7p+〉 = 0.00 shake-up
〈Φ0|D|1s−15p′〉〈5p′|7p+〉 = -0.31 ± 0.08 shake-up
〈Φ0|D|1s−16p′〉〈6p′|7p+〉 = -0.15 ± 0.11 shake-up
〈Φ0|D|1s−17p′〉〈7p′|7p+〉 = 1.00 spectator
TABLE II: Relative amplitudes of different decay channels
contributing to the cross sections of the 2p−2np+ final states,
normalized to the intensity of the dominant peak.
nal 2p−26p+ states may become larger than an overlap
between the intermediate 1s−16p′ and the final 2p−26p+
states, thus favoring decay through a shake-up process
over the spectator decay.
The roles of different decay channels and the influ-
ence of the ELI are illustrated in the cross section of the
2p−26p+ final state presented in Fig. 2. The dominant
contribution is the decay channel involving a shake-up
process, where the excited electron, initially promoted to
the 5p orbital, results in the 6p orbital in the final state.
A strong interference between the spectator decay (thin
solid blue line) and the decay involving a shake-up pro-
cess (thick dashed red line) becomes evident through a
corresponding interference cross-term (thick dash-dotted
red line). Due to the negative sign of the cross-term, the
peaks of the interfering contributions shift towards each
other, merging into a single broad asymmetric peak in
the cross section of the final state (thick solid grey line)
with a maximum located at the relative energy around -1
eV, between the 1s−15p′ and 1s−16p′ resonances (see Ta-
ble I). The contribution of the decay channel involving a
shake-down process, where the excited electron, initially
promoted to the 7p orbital, ends up in the 6p orbital in
the final state, is relatively weak (thin dashed green line).
However, the interference cross-term between the specta-
tor decay and the decay through a shake-down process is
rather intense (thin dash-dotted green line), giving rise to
the shoulder in the cross section of the final state at the
relative energy of -0.5 eV, near the 1s−17p′ resonance.
A shoulder observed in the cross section above the IP,
is due to interference with the states in the continuum,
which is taken into account in our fitting procedure by
5FIG. 2: The cross section of the 2p−26p+ final state plotted
as a function of the photon energy relative to the ionization
potential. The dots are the experimental points, the thick
solid grey line is the fitting result. The thin solid blue, thick
dashed red and thin dashed green lines show the contributions
of the spectator decay, the decay accompanied by a shake-up
process from the 5p orbital, and the decay involving a shake-
down process from the 7p orbital, respectively. The interfer-
ence cross-terms between the 1s−16p′ and 1s−15p′ electronic
states and between the 1s−16p′ and 1s−17p′ electronic states
are shown with thick dash-dotted red and thin dash-dotted
green lines, respectively.
an arctangent function.
The preceding discussion elucidates the relative contri-
butions of different decay channels contributing to a cross
section of a given final state. Further analysis allows ob-
taining relative probabilities of possible decay channels
for a given intermediate excited state directly from the
fit parameters k summarized in Table II and the peak
intensities of the cross sections of the final states Inp
(4 ≤ n ≤ 7) .
For example, for the intermediate state 1s−14p′ decay-
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(α2 + 1)|〈4p′|4p+〉|2 = 1.
Then the probability of the spectator decay is
I4p
I4p+I5p
|〈4p′|4p+〉|2 = 11+α2 and the probability of a de-





The probabilities of different decay channels for the
1s−1mp′ (m = 4, 5, 6) intermediate states are shown in
Table III. For all intermediate states the decay to the
2p−2np+ final states with n ≥ 8 has been neglected due
to insufficient statistics of the data. For the same reason
the decay of the 1s−14p′ intermediate state has been lim-
ited by the 2p−24p+ and 2p−25p+ final states, and the
case of the 1s−17p′ intermediate state has been omitted.
The results presented in Table III show that the decay
through a shake process has a substantial probability,
comparable to that of the spectator decay and may even
occur to be the dominant decay channel as is the case
for the 1s−15p′ state decaying predominantly through a
shake-up process to the 2p−26p+ final state.














TABLE III: Probabilities of different decay channels for the
1s−1mp′ (m = 4, 5, 6) intermediate states.
As we have shown, the analysis of our fitting results
using Eqn.7 allows extracting the probabilities of differ-
ent decay channels |〈mp′|np+〉|2 described by the over-
lap integrals independently of the dipole matrix elements.
Likewise, the intensities of the absorption electronic tran-
sitions
∣∣〈Φ0|D|1s−1mp′〉∣∣2 described by the dipole matrix
elements can be obtained from the results of our fitting
procedure independently of the overlap integrals. For ex-
ample, for the 1s−14p′ intermediate state decaying pre-
dominantly into the 2p−24p+ and 2p−25p+ final states,












∣∣〈1s−14p′|D|Φ0〉∣∣2 |〈4p′|4p+〉|2 and k25p =∣∣〈1s−14p′|D|Φ0〉∣∣2 |〈4p′|5p+〉|2.







Alternatively, the dipole matrix elements can be ex-
tracted from the fit of the absorption spectrum. How-
ever, the major advantage of our method consists in
the high resolution measurements provided by the Auger
6spectroscopy performed in the Raman regime. This al-
lows identification of the resonantly excited intermediate
states summarized in Table I, which cannot be resolved
in the absorption spectrum.
Generally, one can use the intensities of the absorption
transitions obtained from Eqns.8 and 9 for reconstruction
of the absorption spectrum. Since our aforementioned ex-
perimental conditions do not allow measurements of the
absolute cross sections, the spectrum reconstructed from
the dipole matrix elements using Eqns. 8 and 9 repre-
sents a partial electron yield (PEY). The reconstructed
PEY can be compared to the experimental PEY obtained
directly from the measurements by integrating over the
electron kinetic energy the Auger spectra recorded for
different photon energies.
There is a generally good agreement between the ex-
perimental and the reconstructed PEY shown, respec-
tively, in the top and the bottom panels of figure 3. The
bars under the reconstructed PEY indicate the intensi-
ties
∣∣〈Φ0|D|1s−1mp′〉∣∣2 of the 1s−mp absorption transi-
tions (4 ≤ m ≤ 7), extracted from the fitting procedure.
One can observe a slight discrepancy between the exper-
imental and the reconstructed PEY beyond the 1s−17p′
resonance. This is related to the fact that the intensity
of the transition to the 1s−17p′ state is overestimated,
since it also takes into account the contributions of the
transitions to the higher Rydberg states 1s−1mp′ with
m ≥ 8, which are otherwise neglected in the fitting pro-
cedure. The reconstructed PEY shown with a solid line
includes the contributions of the transitions to the dis-
crete states as well as the continuum contribution, which
has been fitted with an arctangent function for the lack of
the experimental data on the 1s ionization cross section.
The reconstructed PEY shown in figure 3 is normalized
to the intensity
∣∣〈Φ0|D|1s−14p′〉∣∣2 of the transition to the
1s−14p′ electronic state. The relative intensities of the
transitions to the other intermediate states are 0.21±0.01
for the 1s−15p′, 0.06±0.01 for the 1s−16p′ and 0.1±0.01
for the 1s−17p′ electronic states as obtained from the
results of our fitting procedure.
V. CONCLUSIONS
In conclusion, we have demonstrated that in the hard
x-ray regime, ELI is a general phenomenon due to large
lifetime broadenings of intermediate electronic states.
We have shown that for a system with well separated elec-
tronic final states, our model developed for the analysis
of ELI effects, provides access to the fundamental observ-
ables describing excitation and decay of deep core shells.
For the excitation process, the model allows extracting
the intensities of the absorption transitions to the res-
onant intermediate states. For the relaxation process,
we are able to determine the probabilities of different de-
cay channels including spectator Auger and the decay in-
volving shake-up and shake-down processes. Our results
demonstrate a high relevance of the developed model for
FIG. 3: Experimental (top panel) and reconstructed (bottom
panel) PEY. The bars under the reconstructed PEY indicate
the intensities of the 1s − mp absorption transitions (4 ≤
m ≤ 7), extracted from the fitting procedure, the solid line
is the sum of the discrete contributions and the continuum
contribution fitted with an arctangent function.
the interpretation of the Auger electron spectra in the
hard x-ray regime, where the data analysis inevitably
faces the complexity of the interference phenomenon.
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